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ABSTRACT 

Our current understanding of radio-loud AGN comes predominantly from studies 
at frequencies of 5 GHz and below. With the recent completion of the Australia Tele- 
scope 20 GHz (AT20G) survey, we can now gain insight into the high-frequency radio 
properties of AGN. This paper presents supplementary information on the AT20G 
sources in the form of optical counterparts and redshifts. Optical counterparts were 
identified using the SuperCOSMOS database and redshifts were found from either the 
6dF Galaxy survey or the literature. We also report 144 new redshifts. For AT20G 
sources outside the Galactic plane, 78.5% have optical identifications and 30.9% have 
redshift information. The optical identification rate also increases with increasing flux 
density. Targets which had optical spectra available were examined to obtain a spectral 
classification. 

There appear to be two distinct AT20G populations; the high luminosity quasars 
that are generally associated with point-source optical counterparts and exhibit strong 
emission lines in the optical spectrum, and the lower luminosity radio galaxies that 
are generally associated with passive galaxies in both the optical images and spectro- 
scopic properties. It is suggested that these different populations can be associated 
with different accretion modes (cold- mode or hot-mode). We find that the cold-mode 
sources have a steeper spectral index and produce more luminous radio lobes, but 
generally reside in smaller host galaxies than their hot-mode counterparts. This can 
be attributed to the fact that they are accreting material more efficiently. Lastly, we 
compare the AT20G survey with the S-cubed semi-empirical (S3-SEX) models and 
conclude that the S3-SEX models need refining to correctly model the compact cores 
of AGN. The AT20G survey provides the ideal sample to do this. 
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1 INTRODUCTION 

The formation and evolution of AGN, and the role they play 
in galaxy evolution, is currently one of the most active fields 
in astronomy. The advent of large wide-area surveys across 
a multitude of frequencies, from radio to gamma-rays, has 
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provided large, homogenous samples allowing us to study 
the different AGN populations in a statistically significant 
manner. 

The radio sky at frequencies of 5 GHz and below 
has been well explored, largely due to surveys such as 
the 843 MHz Sydney Uni versity Molonglo Sky Survey 
(SUMSS; Mauch ct al. 2003), 1.4 GHz NRAO VLA Sky Sur- 
vey (NVSS: Condon et al. 1998 ) and the 5 GHz Parkes-MIT- 
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NRAO fPM N: iGriffith fc WrighiJ 1 19931 ) and Green Bank 
6 cm (GB6; Gregorv et alj 119961 ) surveys. The Australia 
Telescope 20 GHz (AT20G) Survey provides an unprece- 
dented view of the high-frequency radio sky. This blind sur- 
vey was carried out from 2004-2008 on the Australia Tele- 
scope Compact Array (ATCA) and covers the entire south- 
ern sky excluding |fe| < 1.5°. The AT20G catalogue consists 
of 5890 sources above 40mJy (Murphv et al. 2010 ). To ob- 
tain reliable spectral index information, observations at 4.8 
and 8.6 GHz were carried out within 1 month of the 20 GHz 
observations for most sources south of 5 = —15°. 

Selecting sources at 20 GHz provides a unique sam- 
ple that is dominated by active galaxies which derive 
most of their radio emission from supermassive black holes 
(SMBH)^. On the other hand, low-frequency selected sam- 

! iles contain a m ixture of AGN and star-forming galaxies 
Mauch fc Sadleill2007l ). Furthermore, for AGN that are ob- 
served at lower frequencies, the dominant source of emission 
is the large-scale radio lobes which have been built up over 
much longer timescales, whereas observing at high radio fre- 
quencies provides insight into the most recent activity in the 
central SMBH. 

Understanding the high-frequency radio population is 
vital to understanding the growth and evolution of AGNs 
and provides complementary data to their low-frequency 
counterparts. An analysis of the radio properties of AT20G 
show that it is a very different radio population from the low - 
frequency selected radio population. iMassardi et al.l l|2011bl ) 
find that the catalogue is dominated by flat-spectrum 
sources, particularly at bright fluxes where 81% of the sam- 
ple has flat radio spectra (defined as af > —0.5 where 
S,y (X v") which d rops of to 60% for flu xes below 100 mjy. 
A recent review bv lde Zotti et al.l ([2010) provides a compre- 
hensive view of the radio properties of AGN, including both 
low and high-frequency information. 

Whilst the radio data provides a unique sample of ob- 
jects, these data alone are insufficient to constrain models of 
radio source properties and the evolution of radio galaxies. 
Additional optical data, particularly spectroscopic informa- 
tion, is vital in understanding the physical properties of the 
central black hole. 

There have been a number of other surveys car- 
ried out at high radio frequencies. These include; the 
Wilkinson Microwave Anisotropy Probe (WMAP), which 
covers the whole sky at 22 GHz down to a IJy flux 
limit, the Planck Early Release Comp act Source Cata- 
logue (jPlanck Collaboration et al.ll2011bl la^■ an all-sky sur- 
vey at 30 GHz, with a flux lim it of 0.5 Jy and the 9th 
and 10th Cambridge surveys (9C; Waldram et al.ll2003l . and 



IOC: I AMI Consortium: Franzen et al.l 1201(3 ) carried out at 
15 GHz that cover a much smaller area, but observe down to 
fainter flux limits (5.5 mJ y and 1.0 mJy respe ctively) . How- 
ever, with the exception of lBolton et al.l (|200J) who followed 
up sources in the 9C sample at both optical and radio fre- 
quencies, there has not been much focus on the optical prop- 
erties of these surveys. 



^ Besides a small number of galactic sources (namely PN and 
HII regions) the only known non-AGN in the AT20G survey is 
NGC253; a nearby gala xy which hosts a strong nuclear starburst 
terunthaler et al.|[^09l) . 



It has been known for sometime that radio galaxies can 
show a range of optical spectral signatures. Some galax- 
ies display strong emission line s whilst others have very 
weak or no emission features (JHine fc Longain Il979l and 
more recentlv ISadler et al.ll2002h . In recent years these dif- 
ferences have been attributed to differen t accretion modes 
(Bes t et al.ll2005l : lilardcastle et alll2007l ). 'Cold-mode' ac- 
cretion occurs when cold gas is accreted onto the central 
SMBH, which gives rise to the traditional AGN picture of 
an accretion disk surrounded by a dusty torus, a broad- 
line region close to the accretion disk and narrow-line re- 
gion further out (jAntonuccill 19931 ). Such objects show high- 
excitation lines in the optical spectrum, either narrow or 
broad depending on the alignment of the AGN to our line 
of sight. 'Hot-mode' accretion occurs when hot-gas is being 
accreted, resulting in a radiatively inefficient accretion disk 
that observationally shows none of the conventional signs 
of AGN activity in the optical regime. It is theorised that 
cold-mode (also referred to as 'quasar-mode') accretion oc- 
curs as a result of mergers which supply a reservoir of cold 
gas, whilst hot-mode (also known as 'radio-mode') accretion 
is the result of h ot gas from the surro unding ISM falling into 
the central core (|Croton et al.ll2006l ). 

It was thought that these different accretion modes 
could account for the ob served dichotomy of radio- loud AGN 
(jFanarofF fc Rilevlll974l ). However, it has been shown that in 
general the radio properties of AGN observed at 1.4 GHz are 
comple tely ind ependent of the optical emission line prop- 
erties (jBest et al. 2005), but are well correlated with th e 
stellar mass of the galaxy (see also lMauch fc Sadlen 120071 ). 
By studying the optical properties of a high-frequency radio 
sample we aim to investigate the link between the 20 GHz 
emission (predominantly from the core of the AGN) and the 
optical properties since both are generated on similar size 
and time scales. 

Additional optical and redshift information of high- 
frequency radio sources also provides valuable information 
for both the Fermi and ESA's Planck missions, which rely 
on multiwavelength data at higher angular resolution to 
correctly identify their sources. It has already been shown 
that there is large overlap between the AT20G survey and 
both the Fer mi Large Area Tel escope First Source Catalog 
(Fermi lFGL: lAbdo et aL|[201 ^nd the Early Release Com- 
pac t Source Cata l og (jPlanck Collaboration et al. 201 Ibi) ; 
see iMahonv et all (|2010bl ) and IMassardi et all (|2011al ) re- 
spectively. The postional uncertainty of these instruments 
require multiwavelength information to accurately identify 
the correct counterpart. The positional accuracy of AT20G 
(~ 1 arcsec) allows us to identify the correct optical source 
and redshift, providing valuable information for these sur- 
veys. 

The primary goal of this paper is to present accom- 
panying optical and redshift data for the AT20G survey, 
but we also present some of the basic population statis- 
tics of a high radio-frequency selected survey. Section [2] 
details how the optical identifications were made and Sec- 
tionOdiscusses how redshifts were found. Section[3]describes 
the spectral properties as defined from the optical spec- 
trum and Section [5] describes the resulting AT20G-optical 
catalogue. In Section [5] we present results from the radio- 
optical analysis. This is followed by a comparison of the 
AT20G catalogue with the S-cubed semi-empirical models 
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Figure 2. Monte carlo test to determine tiie best cutoff to 
automatically accept optical identifications. The dashed line at 
2.5 arcsec separation between the optical and radio positions 
marks the cutoff chosen. 
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Figure 1. Flowchart of automated optical identification process. 
The red boxes show the stages where visual inspection was nec- 
cessary and the blue boxes are when an ID was accepted. The 
step marked with an * is explained in more detail in Section [2] 



l|Wilnian et al.ll2008l ). which make predictions of the 18 GHz 
sky, in Section [T] We conclude in Section [H] Throughout 
this paper we use the following cosmological parameters: 
Ho = 71 km s~^ Mpc"\ Qm = 0.27 and ^a = 0.73 
iLarsonet aLlbOlll l. 



2 IDENTIFYING THE OPTICAL 

COUNTERPARTS OF AT20G SOURCES 

Optical identifications of AT20G sour ces were made usin g 
the SuperCOSMOS Science Archive ^ (JHamblv et al.ll200ll ). 
AT20G sources in the Galactic plane (|6| ^ 10°) were ex- 
cluded due to the contamination of foreground stars and 
dust extinction. This leaves a sample of 4932 AT20G sources 
for which optical IDs were sought. A semi-automated pro- 
cess was employed to identify the optical counterparts in 
an attempt to achieve a complete and reliable catalogue, 
while limiting the number of sources identified manually. 
An overview of this process is shown in Figure [T] 

Due to the large number of radio point sources in the 
AT20G catalogue (94%) the majority of identifications were 
made based on the separation between the radio and optical 

■^ http://surveys.roe.ac.uk/ssa/ 
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positions. A Monte Carlo test was carried out to determine 
the optimum separation at which an optical ID could be 
automatically accepted. A demonstration of the simulation 
is shown in Figure [2] A random catalogue of radio sources 
was generated by offsetting the AT20G positions in decli- 
nation, and optical matches found for this fake catalogue. 
At a separation of 3.5 arcsec the number of real matches is 
equal to the number of fake matches so matches beyond this 
separation are unlikely to be genuine. The turnover in the 
number of real matches seen at very small separations is due 
to the position uncertainties of AT20G sources. The mean 
posit ional error s arc 0.9 arcsec in RA and 1.0 arcsec in Dec 
(Murphy et al.li2010 '). 

To limit the number of false matches, we automatically 
accepted all radio-optical matches within 2.5 arcsec. At sep- 
arations less than 2.5 arcsec only 4.3% of the fake AT20G 
catalogue had an optical match, giving a reliability of more 
than 95%. For completeness, AT20G sources that had an 
optical counterpart between 2.5 and 3.5 arcsec were checked 
manually. In many cases the optical counterpart was the 
correct ID and the larger offset was caused by position un- 
certainties either due to a weak AT20G source (where the 
radio positions are slightly less accurate) or due to a very 
bright nearby galaxy (where the optical position is more un- 
certain) . 

A number of sources had multiple optical matches 
within the 2.5 arcsec search radius. Inspection of these 
sources revealed that they are generally the same source, 
but have been catalogued in the SuperCOSMOS database 
more than once with slightly different positions. In many 
of these cases one or more of the catalogued entries had 
no magnitude information. Examples are given in Table [l] 
To first confirm that the multiple entries correspond to the 
same source, the separation between the optical matches 
was calculated. If the separation was less than 3 arcsec (cor- 
responding to approximately 4 pixels in the SuperCOSMOS 
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Table 1. Examples of optical IDs that are catalogued twice in the SuperCOSMOS Science Archive, yet clearly correspond to the same 
object. In the first case (AT20GJ000249— 211419) the second entry was accepted as the ID since it has the most complete record. In the 
second case {AT20GJ223043— 632926), since there is no entry with both B and R magnitudes, the optical position accepted is the one 
with the smallest offset from the AT20G position and the first B magnitude measurement (B = 22.68) and first R band magnitude (R 
= 21.05) taken to be the correct magnitudes. The information listed here is the exact output from the SuperCOSMOS Science Archive 
which lists the positions in decimal degrees. 



AT20Gname 




optical position 

RA Dec 


offset 

(arcmin) 


B 


R 


AT20GJ000249- 
AT20GJ000249- 
AT20GJ223043- 
AT20GJ223043- 


-211419 
-211419 
-632926 
-632926 


+0.7073508 

+0.7072780 

+337.6811523 

+337.6810423 


-21.2389971 
-21.2389685 
-63.4908370 
-63.4909069 


+0.0267763 
+0.0289446 
+0.0046435 
+0.0065117 


-99.999990 
+19.678000 
-99.999990 
+22.682000 


-99.999990 
+19.173000 
+21.046000 
-99.999990 



images^) it was assumed that the multiple matches refer 
to the same source. In this case, the most complete record 
(i.e. the entry with both B and R magnitude information) 
was accepted as the ID. If there was no catalogued source 
with both magnitudes listed, then the first entry with either 
magnitude was selected and the other magnitude added in 
if available in a different entry. If the separation between 
the multiple optical matches was larger than 3 arcsec, visual 
inspection was required to confirm the correct optical ID. 

For sources that were flagged as extended in the AT20G 
catalogue, or sources known to be hotspots of nearby galax- 
ies, the optical identifications were made by visual in- 
spection. This involved creating overlays with the AT20G 
20 GHz contours and 1 GHz contours (from either the 
SUMSS or NVSS surveys) overlaid on the SuperCOSMOS 
B-band image. The low- frequency information was needed in 
order to identify the optical ID where large radio lobes were 
present. Of the sources flagged as extended in the AT20G 
catalogue, approximately half were resolved into 2 separated 
components as determined from the visibilities. For these 
double sources an additional flag 'd' was added in the final 
catalogue. 

For a small subset of sources, an optical ID could not be 
easily determined from the overlay image. In some cases this 
was due to the optical field being too crowded or due to a 
foreground star along the line of sight of the AT20G source. 
This was typically a problem towards Galactic features (such 
as the Orion nebula) as well as in the Magellanic clouds. 
These crowded sources are flagged with a 'c'. In other cases 
the optical and radio positions were slightly offset from each 
other, making it difBcult to tell if the match is genuine or 
just a chance alignment. In many cases it is possible that this 
is due to an error with the AT20G position, so the optical 
information was included in the catalogue flagged with a 'o'. 
For a small fraction of sources there were two optical sources 
close on the sky that were blended into the one catalogued 
source, yet visual inspection shows them to be two distinct 
sources. In many cases this was due to a foreground star so 
both the optical positions and magnitudes should be treated 
as unreliable. These blended sources have been flagged with 
a 'b' and are excluded from the analysis where magnitudes 
were used. Examples of each of these types of flagged sources 
are shown in Figure [S] For some of the very nearby galaxies 
the SuperCOSMOS magnitudes are unreliable, due to the 



^ the sampling of the UKST plates is 10|J.m or 0.7 arcsec and the 
typical seeing is approximately 2 arcsec. 



large angular sizes. To exclude these unreliable magnitudes 
from the analysis, a flag 'u' was added in the catalogue if 
the B— R colours were either less than —2 or greater than 
4. One additional target (AT20GJ133608-082952) was also 
found to have unreliable magnitudes, yet was not captured 
by the colour cutoff. This source was also flagged with a 'u' 
and excluded from the analysis. 

A total of 3873 (78.5%) AT20G sources have optical 
identifications. This is much higher than what is tradition- 
ally seen at lower frequencies where the optical identification 
rate (to a similar magnitude limit of B=22) for radio sources 
select ed at ~lGHz is approximately 25-30% (Boc k et al.l 
Il99g ). Previous AT20G papers have reported a lower optical 
iden tification rate of approximately 60% for the AT20G sur- 
vey l|Murphvet al.ll201(il : lMassardi et al.ll2011bl ). This is due 
to a simplified identification process which only accepted the 
sources that had matches within 2.5 arcsec and B^22 (the 
SuperCOSMOS completeness limit), highlighting the incom- 
pleteness of only using automatic crossmatching procedures. 
This AT20G-optical catalogue provides a more complete 
and reliable sample of optical counterparts which was not 
available at the time of publication of the earlier papers. 
Figure U shows the offset in RA and Dec between the opti- 
cal and 20 GHz radio position for all of the accepted optical 
identifications. The dashed circle represents the 2.5 arcsec 
radius within which sources were automatically accepted. 
The vast majority of optical IDs fall within this circle. 

Figure [S] shows that the optical identification rate in- 
creases as a function of 20 GHz flux density. Using the Su- 
perCOSMOS classification scheme based on the optical mor- 
phology as being point-like (termed 'stellar') or resolved 
('galaxy') we can see that this increase in optical identifi- 
cation rate is due to the increase in the fraction of stellar 
objects (i.e. QSOs) shown by the blue diamonds in Fig- 
ure [5] On the other hand the fraction of optical IDs clas- 
sified as galaxies, along with those sources that did not have 
ID (blank fields), which we assume are distant galaxies be- 
low the sensitivity limit of the optical plates, increases with 
decreasing fiux density. Extrapolating from this plot, deeper 
high frequency surveys would have a lower identification rate 
as galaxies become the dominant population. 



3 FINDING REDSHIFTS 

After identifying the optical counterparts of AT20G sources, 
we searched for corresponding redshift information. Know- 
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Figure 3. Examples illustrating the additional flags used in the AT20G-optical catalogue. Working clockwise from the top left are 
examples of an object flagged as double ('d'), crowded ('c'), blended {'b') and offset ('o'). The greyscale is the SuperCOSMOS B-band 
image with AT20G 20 GHz (red/inner contours) and either the NVSS or SUMSS 1 GHz (blue/outer contours) overlaid. The optical 
position is denoted by the blue cross. 



ing the optical position allowed for a much smaller search 
radius hence limiting the number of spurious redshifts. 



3.1 Searching the 6dF Galaxy Survey 

The 6-degree field Galaxy Survey f6dFGS: [jones et al.ll2009l ) 
is a spectroscopic survey of the entire southern sky, pro- 
viding an ideal sample to crossmatch with the AT20G sur- 
vey. The primary 6dFGS sample is a 2MASS K-band se- 
lected sample, but there are also many additional target 
samples that were observed as part of the survey. For more 
details on th e selection criteria for the additional targets see 
Ijones et al.l (J2004. ). We searched the 6dFGS database for 
sources within Garcsec of the optical counterpart ''. Sources 
that had a radio-optical separation larger than 2.5 arcsec 
were checked manually to ensure that no redshifts were 
missed by having a small search radius around the opti- 
cal position. This was generally found to be a problem for 
very nearby galaxies where the optical positions were not 
accurate enough to warrant a Garcsec search radius. 

* The diameter of the 6dF fibres is 6.7 arcsec. 
© 2011 RAS, MNRAS 000.ITH2T1 



A total of 433 AT20G sources were observed as part of 
the 6dF Galaxy Survey. Approximately 35% of these were 
within the primary K-band selected sample, while the ma- 
jority of t he remaining sources were part of the X-ray se- 
lected f see iMahonv et al.ll2010al ) or low-frequency radio se- 
lected (jMauch fc SadleI1l2007^ additional targets. Each spec- 
trum obtained in 6dF was assigned a quality from 1-6; spec- 
tra of quality 1 were of poor quality and a redshift was not 
able to be measured. Spectra of quality 2 means that the 
spectrum obtained was of good quality (i.e. sufficient signal- 
to- noise), but a redshift was not able to be measured. Qual- 
ity 2 spectra sources are typically BL-Lac objects. Redshifts 
of quality 3 or 4 denote a reliable redshift while quality 6 
was assigned for a spectrum of a z = star. Of the sources 
observed with 6dF, 346 had reliable redshifts (quality 3,4 or 
6). 



3.2 Searching the Literature 

The majority of redshifts were obtained using the NASA 
Extragalactic Database (NED). Once again, we searched for 
redshifts within 6 arcsec of the optical position, and manu- 
ally checked those positions with large radio-optical offsets. 
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Figure 4. Positional offset between the radio and optical posi- 
tions for the accepted AT20G identifications. The dashed lines 
correspond to 2.5 and 3.5arcsec radii. 
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Figure 5. Optical identification rate as a function of 20 GHz 
flux. The black circles are for the total fraction of identified op- 
tical couterparts in each flux bin, blue diamonds are the objects 
classified as stellar in SuperCOSMOS (most likely to be QSOs) 
and the red squares are the SuperCOSMOS galaxies. The green 
triangles are the fraction of AT20G sources that do not have an 
observed optical counterpart (blank fields). The horizontal error 
bars denote the bins used and the vertical errorbars are the pois- 
son errors. 



A total of 1264 AT20G sources have redshifts listed in NED. 
For these sources a classification also accompanied the red- 
shift (generally 'G' or 'QSO'). However, since many sources 
have no associated optical spectra it is difficult to tell how 
accurate these classifications are. 

A number of AT20G sources that were observed in the 
6dF Galaxy Survey also have redshifts listed in NED. When 
compiling the AT20G-optical catalogue we placed priority 



Table 2. Summary of redshifts obtained from either the litera- 
ture, 6dFGS or additional observations. The first column is the fa- 
cility used for the observations followed by the number of sources 
observed (where applicable) and the number of sources where a 
redshift was able to be measured. The final column shows the 
redshift reference code used in the AT20G-optical catalogue. 



Telescope 


Date of 


Targets 


Reference 




obs. 


obs. 


with z 




NED: 














— 


977 


Bibcode 


6dF: 










UKST 


2001-2006 


395 


343 


6dF:6dfname 


other: 










SSO 2.3m 


2007 


19 


16 


SSO.07 


SSO 2.3m 


2008 


42 


39 


SSO.08 


ESO-NTT 


2008 


10 


10 


NTT 


Gemini-South 


2009-2010 


51 


50 


Gemini 


ESO-NTT 


2010 


24 


22 


ICRF 


SSO 2.3m 


2010 


7 


7 


SSO.IO 



on the 6dFGS redshifts since we have access to the opti- 
cal data to confirm the redshift. For sources that weren't 
observed with 6dF or didn't have a reliable redshift, the 
literature redshift was used. The final catalogue contains 
395 6dF sources, of which 343 have reliable redshift mea- 
surements"' and 977 sources with literature redshifts. Where 
a 6dF redshift is used, the 6dF sourcena me (of the form 
gHHMMSS-DDMMSS Ijones et al.l |2004| ) is listed as the 
redshift reference. If the redshift was obtained from NED, 
then the corresponding bibliographic code that is listed 
alongside the redshift is used® 



3.3 Additional Redshifts 

To increase the redshift coverage of the sample, additional 
observations were carried out (see Table [5)). Many of the 
AT20G sources have optically bright counterparts making 
them ideal back-up targets for observing in poor weather 
conditions. These observations resulted in 144 extra red- 
shifts. We have also assigned qualities to each spectrum in 
the same way as was done for the 6dFGS sources. 

3.3.1 SSO 2.3 m data 

There were four separate observing runs using the ANU 
2.3 m telescope located at the Siding Spring Observatory 
in which AT20G sources were used as back-up targets in 
case of poor weather. The first of these was carried out over 
the nights of 2007 April 11-14 by Richard Hunstead and 
EKM. This was followed by a second run from 2007 June 
22-23, carried out by HMJ and EKM. Both of these runs 
have the redshift reference flag 'SSO_07'. Targets were ob- 
served using the 158R grating in the blue arm of the Dual- 
Beam Spectrograph (DBS) and had exposure times ranging 



^ The three sources with good quality redshifts that did not end 
up in the final catalogue are dominated by a foreground star in 
the 6dF spectrum. The redshift of the background AT20G source 
is listed in NED and so this redshift is listed in the catalogue. 
® An explanation of these bibcodes can be found at 
http://adsdoc.harvard.edu/abs_doc/help_pages/data.html 
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from 10-30 mins, depending on the magnitude of the tar- 
get. The third set of targets were observed from 2008 May 
1-5 by PJH and EKM using the same setup. The main tar- 
gets of this particular run were AT20G sele cted Gigahertz 
Peake d Spectrum (GPS) sources described in lHancock et al.l 
()20ld ). Additional optically bright AT20G sources were also 
included as back-up targets. 

During 2009 the DBS was decommissioned and replaced 
with the Wide-Field Spectrograph (WiFeS)'^. The final set 
of 2.3m redshifts were observed over 2010 September 08-10 
by KWB and PJH using WiFeS with the B3000 and R3000 
gratings and the RT560 dichroic. AT20G sources were again 
poor-weather targets and were observed for 5 mins each. All 
of the 2.3 m data was reduced using th e Interactive Data 
Reduction and Analysis Facility (IRAF; i Todvl Il986l '). and 
redshifts were measured using the RUNZ pr ogram (originally 
written by W. Sutherland: ISaunders et al.|[2004r ). 



3.3.2 ESO~NTT data 

Data was obtained from the 3.6 m European Southern Ob- 
servatory (ESO) New Technology Telescope (NTT) during 
2008 August 24-29 as back-up targets for a program ob- 
served by Richard Hunstead and HMJ. Targets were ob- 
served using the ESO Faint Object Spectrograph and Cam- 
era V.2 (EF0SC2) and had exposure times ranging from 
400-1000 s. Again the data was reduced using IRAF and 
RUNZ. 

An observing program targeting southern radio sources 
in the International Celestial Referen ce Frame was carried 
out in August 2010 (jTitov et al.ll201H ). Since this is a radio 
VLBI selected sample, there was significant overlap with the 
AT20G catalogue. Redshifts that were obtained as part of 
this observing program have been included in the AT20G- 
optical catalogue with the reference TCRF'. 

3.3.3 Gemini-South data 

A number of AT20G sources were observed as part of the 
poor weather program on Gemini-South under program ID 
GS-2009B-Q-95. Poor weather program targets are classified 
as 'band 4' and are observed when there is nothing higher in 
the queue that can be targetted. Sources were observed as 
longslit observations using the Gemini Multi-Object Spec- 
trograph and reduced using the Gemmi package in IRAF. As 
this observing program was solely focused on obtaining red- 
shifts for AT20G sources, spectra obtained here are shown 
in Appendix [Xl 



3.4 Redshift Completeness 

Of the 3873 sources with optical counterparts, 1525 (39.4%) 
have redshift information. This corresponds to 30.9% of 
the entire AT20G sample (with |6| > 10°). Figure [6] shows 
the fraction of sources with redshifts as a function of both 
20 GHz flux and B magnitude. As expected, for the brighter 
sources the fraction of sources with redshifts is quite high 
(~80%), but this drops off very rapidly with 20 GHz fiux. 
Ignoring known Galactic planetary nebula and HII regions, 




Figure 6. Fraction of sources with redshifts as a function of op- 
tical magnitude (top) and 20 GHz flux density (bottom). While 
we are resonably complete for bright AT20G sources, this com- 
pleteness drops off significantly for fainter objects. 



the redshift sample is 91.5% complete for sources above 1 Jy 
and 85.3% complete above 500 mjy. 

In order to calculate the luminosity function of high- 
frequency sources it is vital to have a complete redshift sam- 
ple, or at the very least be able to quantify any bias and se- 
lection effects. Since our redshift sample is compiled from a 
range of different surveys and observing runs, each with their 
own selection criteria, qualification of these biases and selec- 
tion effects is beyond the scope of this paper. We continue to 
collect redshift information where available and this will be 
the subject of future papers. The local (z < 0.15) 20 GHz lu- 
minosity function using redshifts from the 6dF Galaxy Sur- 
vey is the subject of a forthcoming paper (Sadler et al. 2011, 
in preparation). 



4 SPECTRAL CLASSIFICATIONS 

For AT20G objects that had an associated optical spectrum 
(from either 6dFGS or follow-up observations) we classified 
the spectrum according to their emission or absorption 
features. This subset of objects form the 'spectroscopic 
sample'. Sources that had reliable redshift measurements 
(those with qualities greater t han 2) were classified in to the 
following categories, based on lMauch fc Sadleij ((20071); 

Aa: AGN with only absorption features 

Aae: AGN with both absorption and emission lines present 

Ae: AGN with only emission features 

AeB: AGN with broad emission lines 

SF: Star-forming galaxy 

Star: Spectrum of a star 



'^ See |http://www.mso.anu.edu.au/wifes/| 
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spectral classes is shown in Figure [T] In addition to these, 
a BL-Lac classification was given to sources exhibiting a 
featureless spectrum with high continuum, particularly in 
the blue, which were generally assigned a quality of '2'. 

Table [3] lists the different subsets of AT20G sources and 
the number of sources that fall into each category. To in- 
vestigate how well the spectroscopic sample represents the 
full AT20G population, Table[3]also lists the median 20 GHz 
flux densities, spectral indices, B magnitudes, redshifts, ra- 
dio luminosity and absolute B magnitudes. As already seen 
in Figure[6]the redshift sample (all objects that have redshift 
information, including those from NED) is dominated by the 
brighter sources at both radio and optical wavelengths. As 
such, the median 20 GHz flux, radio luminosity and B mag- 
nitude are all slightly higher than that of the full AT20G 
sample, or those that have optical IDs. The spectroscopic 
sample forms a subset of the redshift sample, hence are also 
dominated by the brighter AT20G sources. However, Table[3] 
shows that the median 20 GHz flux density is lower than that 
of the redshift sample, and more like the median flux seen 
for the full AT20G survey. This is most likely due to the fact 
that many of the brighter radio sources have literature red- 
shifts and therefore weren't foUowed-up spectroscopically in 
either the 6dF survey or other additional observations. 

The spectroscopic sample is biased towards the optically 
brighter sources and, due primarily to the large number of 
spectra obtained from the 6dF survey, is dominated by lower 
redshift targets. Where the spectral properties are used in 
the following analysis it should be noted that results are 
representative of the optically brighter AT20G objects and 
may not neccessarily apply to the fainter targets. 



4.1 The AT20G spectroscopic sample 

Figure [S] shows the fraction of each class observed as a func- 
tion of redshift. The 'Aae' class is only observed at low red- 
shifts due to the high signal-noise that is required to be able 
to distinguish weak emission lines. In addition, aperture ef- 
fects mean that with increasing redshift more light from the 
surrounding galaxy is observed in the fixed-aperture fibre. 
This extra galaxy light dominates the spectrum, potentially 
overpowering any weak emission lines from the nuclear re- 
gion. At redshifts larger than z = 0.5 the sample is com- 
prised completely of 'AeB' objects. All other classes fall out 
of the sample by this redshift either because the spectral 
features are too weak to distinguish (such as the 'Aa' and 
'Aae' classes) or the optical magnitude is so faint that they 
are not detected as optical ids (as is the case for the 'Ae' 
class). There are no star- forming galaxies detected in the 
spectroscopic AT20G sample, yet there is at least one known 
starburst (NGC253) in the fuU AT20G catalogue. 

Figure [9] shows the fraction of each spectral class as a 
function of 20 GHz flux. The majority of sources fall into 
either the 'Aa' or 'AeB' categories so it is difficult to inves- 
tigate any trends for the 'Aae' and 'Ae' classes. The fraction 
of 'AeB' type sources increases with fiux, similar to the in- 
crease of 'stellar' optical sources seen in Figure [S] Similarly 
the fraction of 'Aa' sources decreases with fiux in the same 
way that 'galaxy' optical IDs do in Figure [S] 




Figure 8. The fraction of each spectral class as a function of red- 
shift. The data are binned in redshift and the solid lines show the 
contribution of each spectral classification to the total population. 
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Figure 9. The fraction of each spectral class binned in 20 GHz 
flux density. The horizontal error bars denote the bin widths and 
the vertical error bars are the poisson errors. 



4.2 SuperCOSMOS classifications vs. spectral 
classifications 

The subset of sources with spectral classifications allowed 
us to check the reliability of the SuperCOSMOS classifica- 
tions ('stellar' or 'galaxy') which are based on the optical 
morphology. Figure [10] shows the relationship between B 
magnitude and redshift for all AT20G sources in the red- 
shift sample, separated into the two SuperCOSMOS classes. 
While most of the galaxies follow the trend of decreasing 
magnitude with redshift, falling below the sensitivity limit 
(and therefore out of the sample) at a redshift of z ~ 0.5, a 
number of sources do not. These appear to be more aligned 
with the stellar sources indicating that the optical IDs were 
misclassified by SuperCOSMOS. 

This misclassification can be confirmed by comparing 
Figure [To] with Figure [TT1 which shows the relationship be- 
tween B magnitude and redshift for the different spectral 
classifications. Objects classified as 'Aa', 'Aae' or 'Ae' fall 
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Figure 7. Examples of the different spectral classifications. From the top left the different classes arc Aa (absorption line only), Aae 
(absorption and weak emission lines), Ae (strong emission lines) and AeB (broad emission lines). The spectra shown here have been 
smoothed using a boxcar algorithm over lOA. 

Table 3. The different subsamples of the AT20G-optical catalogue discussed throughout this paper. The number of sources comprising 
each sample is shown in the 2nd row, followed by the median values of a range of radio and optical properties. The parentheses denote 
the standard errors of the median. 





AT20G 


Optical 


Redshift 


Spectroscopic 




(|6| > 10°) 


IDs 


Sample 

(inch NED) 


Sample 

(no NED z's) 


No. 


4932 


3873 


1525 


548 


(Sao) (mjy) 


104.0 (11.6) 


112.0 (14.6) 


179.0 (36.0) 


117.5 (42.4) 


("i°> 


-0.22 (0.01) 


-0.19 (0.01) 


-0.23 (0.02) 


-0.17 (0.03) 


(B mag) 


— 


19.57 (0.04) 


18.53 (0.07) 


17.75 (0.10) 


(z) 


— 


— 


0.798 (0.03) 


0.447 (0.04) 


(log P20) (W/Hz) 


— 


— 


26.59 (0.04) 


25.84 (0.08) 


(Mb) 


— 


— 


-24.43 (0.36) 


-23.72 (0.14) 



into the SuperCOSMOS 'galaxy' category and 'AeB' sources 
are generally associated with 'stellar' optical IDs as ex- 
pected. However, 27% of sources that are classed as galaxies 
by SuperCOSMOS exhibit broad emission lines (AeB spec- 
tral type). While it is possible that some of these sources 
could be nearby Type 1 Seyfert galaxies, most of the AeB 
sources (70%) are above z = 0.3 further indicating that they 
are probably QSOs. 

The relationship between optical colours (B— R) and 
redshift is shown in Figure [121 Again the sample is separated 
into two populations; the galaxies become redder with in- 



creasing redshift until they fall out of the sample at z ~ 0.5, 
whereas QSOs are generally bluer, but remain flat across a 
wide range of redshifts. The upturn seen at z > 3 is due to 
the Lyman-Qf forest moving into the B-band at these red- 
shifts. 



5 THE AT20G-OPTICAL CATALOGUE 

The AT20G-optical catalogue is available as supplemen- 
tary information in the online version of this paper. The 
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Figure 10. B magnitude against redsiiift (plotted as log(l + z)) 
for all AT20G sources witli a redsiiift. The sample is separated 
according to the SuperCOSMOS classifications (i.e. stellar or 
galaxy) based on the optical morphology of the source. 
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Figure 11. B magnitude against redshift (plotted as log(l + 2)) 
for sources in the spectroscopic sample. The different spectral 
classifications are plotted to compare with the SuperCOSMOS 
classifications shown in Figure [Tol 



catalogue consists of the following columns: 

(1) AT20Gname: In the format JHHMMSS-DDMMSS 
corresponding to the source position in J2000 coordinates. 
(2-3) RA and Dec of the AT20G position. 
(4-6) AT20G 20, 8.6 and 4.8 GHz flux measurements from 
the AT20G catalogue in units of mjy. 

(7) 1.4 GHz flux from the NRAO VLA Sky Survey (NVSS) 
in mJy. 

(8) 843 MHz flux from the Sydney University Molonglo Sky 
Survey (SUMSS) in mJy. 

(9) Quality flag as listed in the AT20G catalogue. This 
is either 'g' or 'p' and relates to t he quality of the fl ux 
measurement as being good or poor (|Murphv et al.ll2010l ). 

(10) Other AT20G flag s as hsted in the AT2 0G catalogue. 
These are presented in iMurphv et al.l (|201Cl) , but are also 
listed below. An additional flag 'd' has been added to 



Figure 12. B— R colours against redshift (plotted as log(l + z)) 
for sources in the spectroscopic sample that have reliable redshift 
measurements. 



denote sources that have multiple components in the radio 
as discussed in Section (2] 

(11-12) RA and Dec of the optical counterpart. The posi- 
tions were taken from the SuperCOSMOS Science Archive. 
(13) Offset between the AT20G and optical position in 
arcsec. 

(14-15) foj and rp magnitudes from the SuperCOSMOS 
Science Archive. 

(16) SuperCOSMOS class based on the morphology of the 
optical source. A value of 1 means the source was classified 
as a 'galaxy', while a value of 2 denotes a 'stellar' (i.e. 
point-like) source. Values greater than 2 indicate that the 
source was unable to be classified. 

(17) Optical flags as described in Section (2] 

(18-19) Redshift and quality measurement. Qualities of 3 
or 4 denote a reliable redshift measurement, while values 
less then 3 means that the source was observed, but no 
redshift was able to be measured. For these sources the 
redshift is given as —9.99. A quality 'N' means the redshift 
was obtained through NED. 

(20) Spectral classification. See Section U for the different 
classifications used. For redshifts obtained from the litera- 
ture the NED classification (either 'G', 'GPair' or 'QSO') is 
listed. 

(21) Absolute magnitude calculated from the SuperCOS- 
MOS rp magnitudes and shifted into the rest frame (see 
Section [5TT]). 

(22) Logarithm of the K-corrected 20 GHz Radio luminosity. 
In units of W/Hz. 

(23) Reference for redshift as listed in Table [S] 

The flags listed in Column 10 denote the following: 
e: AT20G source is extended. 

d: AT20G source has multiple components (usually a dou- 
ble). 

h: Galactic HII region. 
p: Planetary Nebula. 

m: In the Magellanic Clouds. 

1: No low- frequency counterpart (see lMurphv et al.ll2010l for 
further details). 
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Table 4. The first page of the AT20G— optical catalogue. The full catalogue is available in the electronic version of the journal. 



AT20Gname 



(.12000) 



S20 

(m,7y) 



S8.4 

(mjy) 



S4.8 q 

(m.Ty) 



E SI. 4 

(mJy) 



SO. 8 

(m.Jy) 



Optical Position (J2000) 
RA Dec 



offset B 

(" ) mag 



R 

mag 



SC flag 
cl. 



q spec. Mij log P20 

class (W/Hz) 



reference 



AT20GJ000012-853919 


00:00:12.78 


-85:39:19.9 


98 


63 


63 


g 


- 


104.5 


00:00:13.64 


-85:39:21.4 


1.9 


19.89 


-99.9 


1 


D 


- 


- 


- 


- 


AT20GJ000020-322101 


00:00:20.38 


-32:21:01.2 


118 


315 


515 


g 


520.9 


321.5 


00:00:20.38 


-32:21:01.2 


0.1 


18.70 


18.34 


2 


1.275 


N 


QSO 


-25.98 


27.07 


AT20GJ000105-155107 


00:01:05.42 


-15:51:07.2 


297 


295 


257 


g 


347.5 




00:01:05.33 


-15:51:07.0 


1.3 


18.16 


18.39 


1 


2.044 


N 


QSO 


-27.05 


27.44 


AT20GJ000106- 174126 


00:01:06.31 


-17:41:26.2 


73 






g 


447.4 


- 


00:01:06.28 


-17:41:26.7 


0.7 


22.64 


-99.9 


2 


- 






- 


- 


AT20GJ0001 18-074626 


00:01:18.04 


-07:46:26.8 


177 






g 


208.4 


- 


00:01:18.02 


-07:46:26.9 


0.3 


18.05 


17.09 


2 


-9.99 


1 




- 


- 


AT20GJ000124-043759 


00:01:24.50 


-04:37:59.6 


50 


- 


- 


g 


632.3 


- 


00:01:24.64 


-04:38:00.0 


2.1 


22.16 


20.73 


2 


- 


- 


- 


- 


- 


AT20GJ000125-065624 


00:01:25.59 


-06:56:24.7 


77 


- 


- 


g 


58.0 


- 


00:01:25.58 


-06:56:24.9 


0.3 


19.31 


18.63 


2 


- 


- 


- 




- 


AT20GJ000212-215309 


00:02:12.02 


-21:53:09.9 


165 






g 


370.5 


- 


00:02:11.97 


-21:53:09.7 


0.7 


19.14 


18.55 


1 


- 








- 


AT20G J00022 1 - 140643 


00:02:21.71 


-14:06:43.9 


48 






g 


823.5 


- 


- 


- 


- 


- 


- 


- 


- 






- 


- 


AT20GJ000230-033140 


00:02:30.60 


-03:31:40.1 


53 






g 


67.9 


- 


00:02:30.62 


-03:31:40.4 


0.4 


18.40 


17.68 


2 


- 






- 


- 


AT20GJ000249-211419 


00:02:49.85 


-21:14:19.2 


100 


- 


- 


g 


122.2 


- 


00:02:49.75 


-21:14:20.3 


1.7 


19.68 


19.17 


1 


- 


- 


- 




- 


AT20GJ000252-594814 


00:02:52.93 


-59:48:14.0 


71 


64 


57 


g 


- 


62.1 


00:02:52.96 


-59:48:14.6 


0.6 


-99.9 


21.59 


2 


- 


- 


- 


- 


- 


AT20GJ000253-562110 


00:02:53.65 


-56:21:10.8 


94 


229 


403 


g 


- 


1350.0 


00:02:53.57 


-56:21:10.9 


0.7 


22.99 


20.44 


2 


- 








- 


AT20GJ000303-553007 


00:03:03.45 


-55:30:07.1 


44 


48 


52 


g 


- 


44.2 


00:03:03.33 


-55:30:07.2 


1.0 


22.20 


20.66 


2 


- 








- 


AT20GJ000311-544516 


00:03:11.04 


-54:45:16.8 


95 


313 


552 


g od 


1549.0 


00:03:10.55 


-54:44:56.2 


21.1 


14.25 


13.45 


1 


0.033 


4 


Aa 


-22.33 


23.36 


AT20GJ000313-590547 


00:03:13.33 


-59:05:47.7 


49 


101 


151 


g 


- 


505.9 


00:03:13.33 


-59:05:47.7 


0.1 


19.21 


19.51 


2 


- 






- 


- 


AT20GJ000316-194150 


00:03:16.06 


-19:41:50.7 


76 


162 


182 


g 


232.3 


- 


00:03:15.94 


-19:41:50.3 


1.7 


19.26 


18.75 


2 


- 


- 


- 




- 


AT20GJ000322-172711 


00:03:22.05 


-17:27:11.9 


386 


- 


- 


g 


2414.8 


- 


00:03:22.11 


-17:27:14.1 


2.4 


16.93 


16.17 


1 


1.465 


N 


QSO 


-28.48 


27.33 


AT20GJ000327- 154705 


00:03:27.35 


-15:47:05.4 


129 






g 


527.3 


- 


00:03:27.26 


-15:47:05.7 


1.4 


22.57 


21.01 


2 


0.508 


N 


G 


-21.61 


25.93 


AT20GJ000404- 1 14858 


00:04:04.88 


-11:48:58.0 


680 






g 


459.2 


- 


00:04:04.90 


-11:48:58.4 


0.5 


18.07 


18.62 


2 


-9.99 


2 


bllac 


- 


- 


AT20GJ000407-434510 


00:04:07.24 


-43:45:10.0 


199 


211 


244 


g 


- 


343.8 


00:04:07.24 


-43:45:10.0 


0.1 


18.53 


18.28 


2 


- 


- 


- 


- 


- 


AT20GJ000413-525458 


00:04:13.97 


-52:54:58.7 


65 


98 


192 


g c 


- 


276.9 


00:04:14.00 


-52:54:58.5 


0.3 


14.07 


13.29 


1 


0.032 


4 


Aa 


-22.47 


23.18 


AT20GJ000435-473619 


00:04:35.65 


-47:36:19.0 


868 


970 


900 


g 


- 


932.9 


00:04:35.64 


-47:36:19.5 


0.4 


17.63 


17.60 


2 


0.884 


4 


AoB 


-25.83 


27.26 


AT20GJ000505-344549 


00:05:05.94 


-34:45:49.6 


131 


142 


134 


g 


91.7 


80.9 


00:05:05.95 


-34:45:49.6 


0.1 


21.83 


-99.9 


2 


- 








- 


AT20GJ000507-013244 


00:05:07.03 


-01:32:44.6 


81 






g 


70.7 


- 


00:05:07.06 


-01:32:45.2 


0.8 


18.66 


18.31 


1 


1.710 


N 


QSO 


-26.71 


26.78 


AT20GJ000518-164804 


00:05:18.01 


-16:48:04.9 


142 


- 


- 


g 


261.8 


- 


00:05:17.93 


-16:48:04.7 


1.2 


17.98 


17.73 


1 


0.777 


3 


AoB 


-25.39 


26.35 


AT20GJ000558-562828 


00:05:58.32 


-56:28:28.9 


151 


376 


677 


g od 


2763.0 


00:05:57.91 


-56:28:31.3 


4.1 


19.27 


17.46 


1 


0.291 


N 


G 


-23.79 


25.61 


AT20GJ000600-313215 


00:06:00.47 


-31:32:15.0 


63 


53 


52 


g 


44.3 


48.3 


00:06:00.37 


-31:32:14.8 


1.3 


21.10 


19.90 


1 


- 


- 


- 




- 


AT20GJ000601-295549 


00:06:01.14 


-29:55:49.6 


97 


187 


228 


g 


87.5 


- 


00:06:01.12 


-29:55:50.0 


0.6 


18.15 


18.82 


2 


- 


- 


- 




- 


AT20GJ000601-423439 


00:06:01.95 


-42:34:39.8 


110 


259 


532 


g 


- 


2850.0 


00:06:01.86 


-42:34:40.8 


1.5 


20.65 


19.74 


1 


0.530 


N 


G 


-22.70 


26.10 


AT20GJ000610-830543 


00:06:10.18 


-83:05:43.5 


167 


361 


691 


g c 


- 


2548.0 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


AT20GJ000613-062334 


00:06:13.90 


-06:23:34.8 


2084 


- 


- 


g 


2050.7 


- 


00:06:13.89 


-06:23:35.3 


0.5 


19.48 


17.98 


1 


0.347 


4 


Ao 


-23.63 


26.79 


AT20GJ000619-424518 


00:06:19.72 


-42:45:18.3 


183 


189 


199 


g 


- 


246.0 


00:06:19.72 


-42:45:18.5 


0.1 


18.27 


18.40 


2 


1.770 


N 


QSO 


-26.70 


27.19 


AT20GJ000622-000423 


00:06:22.59 


-00:04:23.2 


425 


- 


- 


g 


3897.6 


- 


00:06:22.60 


-00:04:24.5 


1.3 


20.02 


19.71 


2 


1.037 


N 


QSO 


-24.11 


27.08 


AT20G J000635 - 731 144 


00:06:35.21 


-73:11:44.7 


51 


54 


54 


g 


- 


63.4 






- 






- 


- 








- 


AT20GJ000713-402337 


00:07:13.41 


-40:23:37.4 


69 


89 


97 


g 


- 


98.5 


00 


07 


13.42 


-40:23:37.4 


0.1 


-99.9 


19.78 


2 


- 






- 


- 


AT20GJ000720-611306 


00:07:20.56 


-61:13:06.7 


150 


138 


134 


g 


- 


85.8 


00 


07 


20.55 


-61:13:06.7 


0.1 


19.92 


20.75 


2 


0.857 


4 


AoB 


-22.61 


26.44 


AT20GJ000800-233918 


00:08:00.42 


-23:39:18.0 


154 


- 


- 


g 


374.5 


- 


00 


08 


00.36 


-23:39:18.3 


0.9 


16.78 


16.41 


2 


1.411 


4 


AoB 


-28.16 


26.90 


AT20GJ000801 -524339 


00:08:01.71 


-52:43:39.9 


124 


127 


101 


g 


- 


255.8 


00 


08 


01.67 


-52:43:39.8 


0.5 


18.91 


19.45 


1 


- 


- 


- 




- 


AT20GJ000809-394522 


00:08:09.18 


-39:45:22.9 


146 


169 


188 


g 


150.1 


134.2 


00 


08 


09.20 


-39:45:23.0 


0.2 


19.76 


19.89 


2 


- 






- 


- 


AT20GJ000826-255911 


00:08:26.27 


-25:59:11.2 


120 


259 


360 


g 


468.2 


- 


00 


08 


26.10 


-25:59:11.3 


2.3 


-99.9 


19.96 


2 


- 








- 


AT20GJ000828- 132930 


00:08:28.02 


-13:29:30.3 


161 


- 


- 


g 


191.7 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


- 


AT20GJ000829-055845 


00:08:29.33 


-05:58:45.2 


66 


- 


- 


g 


1321.9 


- 


00:08:29.28 


-05:58:45.7 


0.9 


19.58 


18.11 


1 


- 


- 


- 


- 


- 


AT20GJ000831-141959 


00:08:31.08 


-14:19:59.9 


53 






g 


603.5 


- 






- 






- 


- 








- 


AT20GJ000837-461940 


00:08:37.53 


-46:19:40.8 


75 


98 


95 


g 


- 


113.8 


00:08:37.54 


-46:19:40.7 


0.2 


17.42 


16.57 


2 


1.850 


N 


QSO 


-28.64 


26.89 


AT20GJ000922-513011 


00:09:22.06 


-51:30:11.9 


49 


59 


56 


g 


- 


45.1 


00:09:22.03 


-51:30:11.6 


0.4 


16.81 


15.62 


1 


0.117 


4 


Aa 


-23.17 


24.19 


AT20GJ000927- 161028 


00:09:27.55 


-16:10:28.8 


69 


92 


61 


g 


55.0 


- 


00:09:27.50 


-16:10:29.2 


0.8 


20.86 


20.57 


4 


- 






- 


- 


AT20GJ000935-321637 


00:09:35.67 


-32:16:37.3 


221 


275 


313 


g 


388.3 


558.8 


00:09:35.71 


-32:16:36.1 


1.2 


16.80 


15.33 


1 


0.026 


4 


Aao 


-19.94 


23.50 


AT20GJ000937-635734 


00:09:37.40 


-63:57:34.2 


59 


66 


75 


g 


- 


101.9 


00:09:37.51 


-63:57:33.8 


0.8 


20.51 


-99.9 


2 


- 


- 


- 




- 
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b: Sourc e part of the AT20G ' Big a nd Bright' sample pre- 
sented in iBurke-Spolaor et alj (|2009|). 

The flags hsted in Column 17 refer to the optical 
counterparts as discussed in Section [2] In summary they 
indicate the following: 

c: Optical field is too crowded to make an identification. 
o: Optical source is slightly offset from the radio source, 
but still within 3.5 arcsec. 
b: Blended source in the optical. 
u: Unreliable optical magnitudes. 

The first page of the catalogue is shown in Table ID 



5.1 K-corrections 

To compare luminosities across a wide range of redshifts it 
is essential to shift the observed frequencies into the rest- 
frame using a k-correction. As QSOs and galaxies have very 
different SEDs in the optical regime we have performed dif- 
ferent corrections for each class. For galaxies in our sam- 
ple (those with spectral classifications of Aa, Aae and Ae 
or listed as G, GPair in NED) we applied the k-correction 
given in lDe Propris et all (120041 '): 



K{rY) = ((-0.08 + lA5x)y) - ((2.88 + 0A8x)y'^) 
where 

X = fej - rp 

z 



(1) 
(2) 

1 + 2 

For the sources classified as QSOs (AeB or BLLac for 
sources with spectral classifications or classed as QSO in 
NED) we assumed a power law fit for the K-correction: 



V = 



K(vy) 



-2.5(l + /3)log(l + 2) 



(4) 



where we assume a spectral index of /3 = —0.5. 

To calculate the rest-frame radio luminosities we ap- 
plied the following k-correction for all sources: 

fc(2) = (l-H2)-(^+"' (5) 

where S oc v" and a is the spectral index from 5-20 GHz. If 
there was no 5 GHz flux available then a flat spectral index 
(a = 0) was assumed. 



6 RESULTS 

Radio sources are often divided into two populations based 
on their spectral indices. Flat spectrum sources (typically 
defined as a > —0.5 where S^ (x v") arise from synchrotron 
self-absorption in the optically thick region close to the 
core of the AGN, and are therefore generally compact ra- 
dio sources. Steep spectrum sources are dominated by the 
synchrotron spectrum of the optically thin lobes and hence 
generally correspond to extended sources. However, there 
are some exceptions to this rule; one such example being 
Compact Steep Spectrum (CSS) radio sources. 

In a similar way, optical sources are often classified into 
different populations using a range of diagnostics. These dis- 
tinctions are often based on the morphology (i.e. QSO vs. 
galaxies) or on the presence or absence of emission lines. 
By identifying the optical counterparts of the majority of 



AT20G sources we aim to investigate whether the different 
observed radio properties can be explained by differences 
in the optical properties. It is particularly interesting to do 
this at high radio frequencies as this provides insight into the 
most recent activity near the core of the AGN. Sources ob- 
served at lower frequencies are dominated by emission from 
the radio lobes built up over long timescales and are there- 
fore not indicative of recent accretion. 

In particular, we aim to study the accretion proper- 
ties of AT20G sources as defined using the optical spectra. 
Objects with weak or no emission lines have been classified 
as undergoing 'hot-mode' accretion, whereas sources with 
strong emission lines (both broad and narrow) are in the 
'cold-mode' accretion phase (jHardcastle et al.l 120071 ). This 
provides a physical interpretation of the different popula- 
tions observed rather than an observational effect, and can 
provide insight into whether there are any intrinsic differ- 
ences in the fiat and steep-spectrum radio populations. 

6.1 Optical properties of AT20G sources 

Figures [13] and [14] show the redshift and B magnitude dis- 
tributions of the AT20G catalogue. Each figure shows the 
total distribution in the top panel followed by the same dis- 
tribution separated into different subpopulations based on 
the observed optical or radio properties. The separation into 
hot or cold-mode accretion was based on the emission line 
properties as discussed above. Sources with spectral clas- 
sifications of 'Aa' or 'Aae' fall into the hot-mode category, 
while sources classified as either 'Ae' or 'AeB' are cold-mode. 
The dividing line between flat and steep radio spectra is de- 
flned as af^ > —0.5, and the separation into compact and 
extended sources at 20 GHz is based on the ratio of flux ob- 
served on the longest (~4.5 km) ATCA baselines to the short 
baselines. This is explained in more detail in Section [6]2] 

The redshift distribution (shown in Figure I13|l has a 
median redshift of z = 0.798. As expected, the low redshift 
sources are dominated by objects with weak or no emission 
lines in the optical spectrum (i.e. hot-mode) while the cold- 
mode accretors cover a much wider range in redshift. Sep- 
arating the cold-mode accretors into the narrow and broad 
emission line classifications (Ae and AeB) shows that it is 
primarily the AeB sources that are observed out to large 
redshifts. Hot-mode sources (Aa and Aae) have a median 
redshift oi z — 0.068, while the cold-mode sources have me- 
dian redshifts oi z = 0.113 for the Ae spectral class, and 
z — 0.877 for the AeB class. There is a small difference 
observed in the redshift distributions between the fiat and 
steep spectrum sources at lower redshifts, but beyond a red- 
shift of z ~ 0.5 they are very similar. A larger difference is 
seen between the compact and extended sources, with many 
more compact sources observed out to higher redshifts. 

Figure[T4]shows the B magnitude distribution which has 
a median B magnitude of B = 19.52. Once again there is a 
clear difference between the hot and cold mode populations 
with medians of B = 16.35 for the hot-mode sources and B 
— 17.31 and B = 18.07 for the Ae and AeB spectral classes. 
This is most likely a selection effect introduced by the 6dFGS 
sources. The majority of sources in the spectroscopic sample 
were observed as part of the 6dFGS, a large fraction of which 
were selected to be bright in the K-band. There is no obvi- 
ous difference in the B magnitude distributions between the 
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Figure 13. Redshift distributions of AT20G sources binned in 
Iog(l + z). All sources with measured redshifts are shown in the 
top panel, followed by sources classifed as hot or cold mode ac- 
cretors, flat or steep radio spectra and compact or extended at 
20 GHz. 



flat and steep-spectrum sources, or compact and extended 
sources (besides the different sample sizes). Instead of re- 
stricting the distributions to only the spectroscopic sample, 
we have plotted all sources where the relevant information 
(i.e. B magnitude or redshift) was available. As a result, the 
total number of sources shown in the hot vs. cold-mode dis- 
tributions (which is only the spectroscopic sample) is less 
than the total number of sources in both the flat vs. steep 
and compact vs. extended distributions. 

This strong selection effect on redshift can be seen in 
Figures [K] and \Wi which plots the rest- frame 20 GHz lumi- 
nosity and absolute B magnitude against redshift. Hot-mode 
sources (shown by the red 'x') generally have lower radio lu- 
minosities and therefore are only seen at lower redshifts. 
The same effect can be seen in Figure [161 where objects at 
higher redshifts have to be intrinsically brighter to be ob- 
served above the flux limit of the survey. 

Although the radio properties of the AT20G survey are 
complete, there are many selection effects associated with 
studying the optical properties, particularly in the spectro- 
scopic sample. To address this, when comparing the two 
accretion modes we have selected sources within a smaller 
redshift range {z < 0.3) throughout the analysis. 



6.2 Compact vs. extended radio sources 

The AT20G survey was carried out on the Australia Tele- 
scope Compact Array; a 6 element interferom eter located in 
northe rn N.S.W., Australia. As described in iMurphv et al.l 
l|201(]f l. the observing mode used for the survey comprised 
5 antennas on short baselines in a hybrid configuration and 
the 6th antenna on a baseline of 4.5 km. The primary data 
products in the AT20G catalogue were derived from the 5 



Figure 14. B magnitude distribution of AT20G sources. 
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Figure 15. Radio luminosity at 20 GHz against redshift (plot- 
ted as log(l -I- z)) for sources in the AT20G spectroscopic sample. 
Sources at higher redshifts must have higher luminosities to re- 
main in the flux-limited sample. 



dishes in a compact configuration, but the additional data 
from the 6th antenna is the subject of a forthcoming paper 
(Chhetri et al. 2011, in preparation). This additional data 
on the longest baselines provides information on the source 
structure at a resolution of ~0.15 arcsec, approximately ten 
times higher than the resolution obtained from the short 
baselines. 

An approximate measure of the source size can be cal- 
culated from the ratio of fiux measured on the longest base- 
lines compared to the fiux measured on the short baselines. 
Flux ratios greater than 0.86 correspond to the source be- 
ing 'compact' on the longest baselines and sources with flux 
ratios less than 0.86 (i.e. significantly more flux on shorter 
baselines) have been termed 'extended' for the purpose of 
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cold-mode 
hot-mode 



Table 5. Fraction of flat vs. steep spectrum sources for each 
spectral class. Not all sources have 5 and 8 GHz information, and 
hence were unable to be classed as either flat or steep spectrum, so 
the percentages have been normalised to add to 100. The brackets 
denote the standard error of the median. 



Figure 16. Absolute B magnitude against redshift (plotted as 
log(l + z)). As in Figure 1151 sources at higher redshifts have 
brighter absolute magnitudes as this is a flux-limited sample. 



this analysis. The value of 0.86 was determined by looking 
at the scatter of values above a flux ratio of 1, which we 
assume is just due to gaussian noise, such that any values 
within that scatter (1 ± 0.14) can be classified as compact. 
We have used this criteria for all of the distributions shown 
in Section [S] 



6.3 Flat vs. steep-spectrum radio sources 

Studying the emission line properties (hot vs. cold-mode ac- 
cretion) or the radio source size (compact vs. extended) can 
be misleading, as both properties are strongly dependent on 
redshift and our spectroscopic sample is not complete. On 
the other hand, the radio spectral indices observed are not 
strongly affected by redshift and also provide information on 
the physical properties of the source. In particular, the dis- 
tinction betwe en flat and steep spectrum sources introduced 
by I Wall! (|l977l ) separates the sources dominated by a com- 
pact radio component from those dominated by more diffuse 
jets and lobes. Simultaneous spectral indices are available for 
the majority of AT20G sources south of 5 = — 15° , providing 
radio properties for a complete sample of sources which is 
representative of the full high-frequency radio population. 

In this analysis we use the simultaneous measurement 
of the spectral index between 5 and 20 GHz. Conventionally, 
the separation of flat and steep spectrum sources is defined 
by the spectral index around 1 GHz as opposed to the rela- 
tively high frequency spectral index that we are using here. 
As such, compact GPS type sources may have spectra which 
are becoming steeper in this frequency range. 

Interestingly, it is the comparison between fiat and 
steep-spectrum populations which seem to show the least 
difference in Figures [13] and 1141 A Kolmogorov-Smirnov 
2-sample test applied on these distributions results in a 
test statistic (the maximum distance between cumulative 
distributions) of d=0.084 for the redshift distribution and 
d=0.053 for the B magnitude distribution. However, due to 
the large number of objects in each sample, the probabil- 
ity that the fiat and steep-spectrum sources are drawn from 



Spectral 


No. 


% 


flat 


steep 


median 


Class. 






% 


% 


z 


-f 


total 


548 


100.0 


79.0 


21.0 


0.447 


-0.17 (0.03) 


hot-mode accretors 












Aa 


80 


14.6 


72.4 


27.6 


0.074 


-0.17 (0.09) 


Aae 


58 


10.6 


83.3 


16.7 


0.062 


-0.20 (0.07) 


cold-mode accretors: 










Ae 


50 


9.1 


39.3 


60.7 


0.113 


-0.69 (0.11) 


AeB 


280 


51.1 


83.4 


16.6 


0.877 


-0.15 (0.04) 


others: 














BL-Lac 


26 


4.8 


100 


0.0 


— 


-0.02 (0.08) 


Star 


16 


2.9 


81.8 


18.1 


— 


— 


unknown 


38 


6.9 


84.2 


15.8 


— 


-0.17 (0.08) 


NED z's 


977 


— 


67.2 


32.8 


1.01 


-0.28 (0.02) 


optical IDs 


2348 


— 


78.7 


21.3 


— 


-0.17 (0.01) 


(without z) 














blank fields 


1059 


— 


52.3 


47.7 


— 


-0.46 (0.03) 


Full AT20G 


4932 


— 


71.3 


28.7 


— 


-0.22 (0.01) 


(with |6| > 10 


') 













separate parent populations is 98.5% for the redshift distri- 
bution and 99.2% for the B magnitude distribution. 

To further investigate any differences between ffat and 
steep spectrum sources, we have calculated the fraction of 
each for the different spectral classifications as shown in Ta- 
ble (5) For objects in the hot accretion mode (Aa and Aae 
sources) the ratio of fiat to steep spectrum sources is approx- 
imately the same as seen for the full spectroscopic sample 
(roughly 80% fiat, 20% steep). However, for sources under- 
going cold-mode accretion (Ae and AeB sources) there is 
a clear difference between each spectral type. Sources with 
broad emission lines (AeB) are predominately fiat spectrum 
and are observed out to larger redshifts. On the other hand, 
narrow-line Ae objects have a larger fraction of steep spec- 
trum sources and a lower median redshift. 

These differences in spectral indices can also be seen in 
Figure [17] which plots the fraction of each spectral class as a 
function of spectral index. The hot-mode accreting sources 
are evenly spread across all spectral indices whereas there is 
a shift from flat to steep spectrum sources for the cold-mode 
accreting sources. AeB sources are the dominant population 
across all spectral indices, primarily due to the fact that 
these sources can be observed out to much larger redshifts, 
but the fraction decreases at steeper spectral indices, while 
the fraction of Ae sources increases at steep spectral indices. 

The difference in the fraction of flat and steep-spectrum 
objects for the Ae and AeB spectral classes can be at- 
tributed to orientation effects in the AGN unification model 
(JAntonuccil 1 19931 : lUrrv fc Padovanil 1 19951 ). Cold-mode ac- 
creting objects are thought to fit the canonical AGN pic- 
ture with the accretion disk surrounded by a dusty torus 
which obscures the broad line region unless viewed pole-on. 
We therefore only observe AeB sources when the jets are 
aligned close to our line of sight, meaning that the radio 
emission comes predominately from the flat-spectrum, com- 
pact core. Due to this orientation effect it is likely that the 
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Figure 17. Fraction of each spectral class observed binned in 
spectral index. The dashed line shows the division between flat 
and steep-spectrum sources at q = —0.5 with steep sources being 
to the left. 



Table 6. Fraction of flat and steep spectrum sources for sources 
with 2 < 0.3. This allows us to compare the different spectral clas- 
sifications in the same redshift range and eliminate any redshift 
dependancies. There is 1 additional BL-Lac object with z < 0.3 
which has not been listed in this table and accounts for 0.5% of 
the total. 



Spectral No. % 


flat 


steep 




median 


Class. 


% 


% 


z 


-f 


total 205 99.5 


70.1 


29.9 


0.078 


-0.24 (0.05) 


hot-mode accretors: 










All 137 66.8 


77.1 


22.9 


0.068 


-0.18 (0.06) 


Aa 79 38.5 


71.9 


28.1 


0.074 


-0.13 (0.09) 


Aae 58 28.3 


83.3 


16.7 


0.062 


-0.20 (0.07) 


cold-mode accretors: 










All 67 32.7 


52.4 


47.6 


0.134 


-0.49 (0.11) 


Ae 43 21.0 


37.5 


62.5 


0.099 


-0.77 (0.12) 


AeB 24 11.7 


72.2 


27.8 


0.194 


-0.10 (0.14) 



core radio emission is also being Doppler boosted thereby 
increasing the flux. However, Ae sources are the result of 
larger angles of inclination, meaning that the flat spectrum 
core is less visible and the radio flux is dominated by the 
steep spectrum jet. Conversely, hot-mode accreting sources 
are thought to be unable to form a dusty torus or broad-line 
region due to inefficient accretion implying that there are 
no orientation differences observed between the Aa and Aae 
spectral classes. 

As noted earlier, the median redshift of Ae sources 
(z — 0.113) is significantly different from the median red- 
shift of AeB sources (z = 0.877). To ensure that the ob- 
served differences are not simply due to redshift effects, we 
have also calculated the fraction of flat and steep sources 
for objects with z < 0.3 as shown in Table |6] The majority 
of AeB sources are removed by applying this cutoff, but the 
other spectral classes remain fairly similar to that in TableO 
The AeB spectral class is still dominated by flat-spectrum 
sources and the Ae class is dominated by steep-spectrum 
sources. Although the number of AeB sources is much less in 
this redshift range, the sample is still large enough that the 



dominance of fiat-spectrum sources is significant. We also see 
that the narrow emission line (Ae) sources outnumber the 
broad emission line (AeB) sources approximately 2:1. How- 
ever, due to the incompleteness of the spectroscopic sample 
it is unclear whether this is indicative of the full AT20G 
population. 

Restricting the sample to a smaller redshift range also 
allows us to compare the hot and cold accretion modes with 
each other. As the hot-mode sources generally have lower ra- 
dio luminosities, we observe a higher fraction of these sources 
at lower redshifts. This implies that if we were to observe to 
fainter fiux Umits these sources would become the dominant 
population across a much larger range in redshift. The me- 
dian spectral index for the cold-mode sources (al" — —0.49) 
is steeper than the median spectral index for the hot-mode 
sources («!" = —0.18). Assuming that both populations 
have a core (fiat-spectrum) and jet/lobe (steep-spectrum) 
component, the difference in spectral index implies that the 
cold mode accreting sources have stronger radio jets and 
lobes, leading to a steeper spectral index overall. This is 
consistent with the idea that cold-mode sources are more 
efficient accretors and therefore produce more powerful ra- 
dio jets and lobes (IHardcastle et al.ll2007r ). 

However, due to the selection effects and biases asso- 
ciated with the AT20G spectroscopic sample, care must be 
taken when interpreting these results. Separating sources 
into hot and cold accretion modes requires analysis of the 
optical spectrum and this was only available for sources ob- 
served as part of the 6dF Galaxy Survey or from additional 
observations. While we noted that our redshift sample was 
close to complete for the bright radio sources in Section [S] 
this is not true for the spectroscopic sample. Many of the 
brighter radio sources are well known objects that have liter- 
ature redshifts, hence are not included in the spectroscopic 
sample unless they were also observed in the 6dFGS. 

To address the potential biases associated with only 
studying the spectroscopic sample, we have also included 
the fraction of fiat and steep spectrum sources for different 
subsamples of the AT20G catalogue shown at the bottom 
of Table [5] Sources that have redshifts from NED have a 
slightly higher fraction of steep-spectrum sources, perhaps 
suggesting that a larger number of Ae type objects fall into 
this category, while objects that have an optical identifica- 
tion in SuperCOSMOS, but no redshift information, have 
a very similar distribution between fiat and steep-spectrum 
sources as the spectroscopic sample. 



6.3.1 Unidentified sources 

Interestingly, the fraction of fiat and steep spectrum sources 
for the blank fields is very different to that observed in the 
spectroscopic sample. This is also seen in Figure [18] which 
shows the percentage of AT20G sources that have optical 
IDs binned in spectral index, in a similar way to that shown 
in Figure [5] The galaxy IDs (red squares) show no depen- 
dence on spectral index, but the stellar optical IDs (most 
likely QSOs, shown by the blue diamonds) are predomi- 
nately fiat spectrum and drop off quite rapidly for spec- 
tral indices steeper than —0.5. Due to this, the total frac- 
tion of optical identifications is also lower for steep spectrum 
sources. This means that the percentage of blank fields in- 
creases dramatically at steep spectral indices. Many of these 
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Figure 18. Optical identification rate as a function of spectral 
index. The black circles are for the total fraction of optical IDs in 
each flux bin, blue diamonds are the stellar IDs (as classified in 
SuperCOSMOS) and the red squares are galaxies. The green tri- 
angles denote the fraction of AT20G sources that do not have an 
optical counterpart (blank fields). The vertical error bars are the 
poisson errors and the horizontal error bars show the bin widths. 



Figure 19. Ratio of fiux observed on the longest baselines to 
short baselines against spectral index for AT20G sources in the 
spectroscopic sample. The source structure refers to whether the 
source is compact or extended and is determined by the flux ra- 
tios observed on the longest (~4.5 km) ATCA baselines com- 
pared to the short baselines. The dashed lines denote the dividing 
lines used to separate the sample into either compact or extended 
source structure (flux ratio= 0.86) and flat or steep radio spectra 
(q. = -0.5). 



blank fields are likely to fall into the Ae spectral classifica- 
tion since tliis is tiie only category dominated by steep spec- 
trum objects. Exhibiting only narrow emission lines means 
that no additional UV-optical emission from the accretion 
disk can be seen (unlike the AeB spectral class which can 
be observed to much higher redshifts) and hence the source 
would fall below the SuperCOSMOS plate limit by a red- 
shift of approximately z — 0.5. At this redshift, the ra- 
dio source would have to be intrinsicially more luminous 
to remain in the AT20G sample and more luminous radio 
sour ces often have stronger emission lines (Hi ne fc Longaiij 
11979. : Rawlings fc Saunders 1991 ; McCarthy 199^ 1 

The increase in the percentage of blank fields at steep 
spectral indices could indicate a population of high-« ultra- 
steep spectrum (USS) sources, similar to the low-frequenc y 
population first identified by iBlumenthal fc Mileyl l|l979f ). 
There are 80 AT20G sources with a < -1.2, of which 36 
have no optical counterpart in the SuperCOSMOS images 
and potentially belong to the same class as these high red- 
shift galaxies. These sources are listed in Appendix iBl along 
with the spectral index between 1 GHz and 5 GHz. Interest- 
ingly all of the sources selected to be ultra-steep between 
5 and 20 GHz have flatter spectral indices between 1 and 
5 GHz suggesting that the spectrum is curved and not a 
straight power-law. These sources would not have been se- 
lected as USS sources at lower frequencies, but at higher 
redshift they will have a steep spectrum in the GHz range. 

It has been suggested that a relationship exists be- 
tween the pea k of the radio SED and the age of the source 
ISnellen et al.i 2000 ) such that as the source ages the spectral 
peak moves to lower frequencies. According to this model, 
USS sources selected at higher frequencies are therefore 
likely to be younger than those selected at lower frequen- 
cies. Appendix [Bl lists the high-frequency USS sources with 
redshifts from NED where available. 



6.4 Accretion mode vs. radio properties 

To further investigate any connection between the observed 
radio and optical properties we can summarise both the ra- 
dio spectrum (i.e. flat vs. steep) and source size (compact 
vs. extended) in the one figure as shown in Figure [T^ Here 
the flux ratio on the long-short baselines is shown against 
spectral index. Since many AT20G sources don't have 5 GHz 
information we have used the spectral index between either 
1.4 or 0.8 GHz from the NVSS or SUMSS surveys and the 
AT20G 20 GHz fluxes to obtain a larger sample. 

Figure [19] can be divided into 4 quadrants based on 
the observed radio properties; compact and flat-spectrum 
(upper right), compact and steep-spectrum (upper left), ex- 
tended and steep-spectrum (lower left) and extended and 
flat-spectrum (lower right). It is not immediately obvious 
that there are any differences in the distribution of hot and 
cold-mode sources in this flgure. For clarity. Figure [20l shows 
the same data with the hot and cold-mode objects sepa- 
rated (top panel), along with sources in the same redshift 
range {z < 0.3) to eliminate any redshift dependencies (bot- 
tom panel). We have also indicated the percentage of ob- 
jects that fall into each quadrant. At redshifts higher than 
z = 0.3 the number of objects undergoing hot-mode accre- 
tion is too small to compare with the cold-mode sources. 
As indicated by the percentages shown in Figure 1201 the 
cold-mode sources above this redshift are virtually all com- 
pact, predominately due to the observational effect that at 
higher redshifts the linear sizes of the radio sources must be 
much larger to be a similar angular size as observed at lower 
redshifts. 

It should be noted that at a redshift oi z — 0.3 the divi- 
sion between compact and extended sources (~ O.lSarcsec) 
corresponds to a linear size of 0.66 kpc, therefore separating 
the core and inner jet from the large scale radio lobes. The 
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Figure 20. Ratio of flux observed on the long-short baselines against spectral index. The hot and cold-mode sources have been plotted 
separately for the full spectroscopic sample (top) and for those sources with redshifts less than 0.3 (bottom). The dashed lines show the 
division between the compact and extended radio populations (flux ratio = 0.86) and flat and steep-spectrum populations (o = —0.5). 
The percentages shown indicate the percentage of sources that fall into each quadrant. 



differences between the two different accretion modes be- 
come more pronounced when comparing sources within the 
same redshift range. While both accretion modes can result 
in a range of radio properties, objects which are accreting in 
the cold-mode have a higher fraction of steep-spectrum, ex- 
tended sources. This can also be seen in Table [6] where cold- 
mode sources have a steeper median spectral index. This 
once again suggests that objects that are accreting more ef- 
ficiently have a greater chance of producing more luminous 
radio jets and lobes. 



6.5 Optical vs. Radio luminosities 

The relationship between the rest frame 20 GHz radio lu- 
minosity and R-band absolute magnitude for each spectral 
class in the spectroscopic sample is shown in Figure [21] The 
dashed lines denote the survey limits (520 = 40mJy and R 
= 22) at different redshifts. 

Figure [^ shows a clear distinction between the two 
main AT20G source populations; the higher luminosity 
quasar population (denoted by the blue '-|-' AeB sources) 



and the lower luminosity radio galaxies that reside in nearby 
massive ellipticals (mainly red 'o' and magenta 'x' points, 
corresponding to the Aa and Aae objects). This is largely a 
redshift effect with quasars observed out to higher redshifts 
due to their higher luminosities whilst the lower luminosity 
sources are only seen at lower redshifts before they fall out 
of the sample due to the flux limit of the survey. The major- 
ity of sources (both hot and cold-mode) also have absolute 
magnitudes brighter than Mr ~ —22, consistent with the 
fact that AGN preferentially reside in more mas sive galax- 
ies (|Ledlow fc Owenlll996l : [Mauch fc SadleJbOO'iD . 

To study any differences between the hot and cold-mode 
populations we have again focused on those sources with 
z < 0.3 as shown in Figure 1221 Although there is no clear- 
cut separation, it can be seen that sources accreting in the 
hot-mode (Aa and Aae) have slightly higher absolute mag- 
nitudes for a given radio luminosity. That is, the red cir- 
cles (Aa sources) have a tendancy to be to the right of the 
green triangles (Ae sources). Using the absolute R magni- 
tude as a proxy for the stellar mass of the galaxy (i.e. more 
massive gala:xies are likely to be brighter in the R band). 
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Figure 21. 20 GHz radio luminosity against absolute B magni- 
tude for sources in the AT20G spectroscopic sample. The survey 
limits of 520 = 40mjy in the radio and R = 22 in the optical 
are shown by the dashed lines for different redshifts. The sample 
has been plotted on equal axes; i.e. 5 magnitudes in the optical 
corresponds to a factor of 100 in radio luminosity. 



this suggests that hot-mode accreting sources generally live 
in more massive host galaxies than the emission line, or 
co ld-mode ac creting sources, in agreement with the results 
of iBest et al.l (2005 ) . In addition, it has been shown that 
cold- mode sources tend to have younger stellar populations 
l|KaufFmann et al.ll2008l . Ching et al. 2011, in preparation) 
which would further enhance the difference in absolute mag- 
nitude. 

Figure [22] also shows that for a given absolute magni- 
tude, the cold-mode sources have higher radio luminosities. 
Beaming effects are likely to contribute to the enhanced lu- 
minosities seen in AeB sources, but there are still more Ae 
sources (which would not be subject to beaming effects) at 
higher luminosities than Aa or Aae sources. Hence, cold- 
mode accreting sources have (on average) higher radio lu- 
minosities, but live in smaller host galaxies. As the size of 
the cen tral SMBH is correlated with the size of the hos t 
galaxy (|Magorrian et al.1 Il998l : iFerrarese fc MerrittI |2000| ). 
this provides further evidence that it is the accretion rate, 
not the mass of the S MBH, that relates to the radio power 
of the jets and lobes JAllen et al.l 120061: iBalmaverde et al.l 



200S : Ferna ndes et al.ll2011 



Although the separation of hot and cold-mode accreting 
sources is by no means distinct, it appears to be loosely 
based on both the radio luminosity and absolute magnitude, 
remarkably similar to the 'L edlow fc Owen ' division of FRI 
and FRII radio sources (| Ledlow fc Oweni il996 1 . However, 
this is most likely a side-effect of the fact that both cold- 
mode sources and FRH radio galaxies tend to have higher 
radio luminosities rather than evidence that the accretion 
mode is re sponsible for the FRI/FRH dichotomy (see also 
lBestll2009l ). 



Figure 22. Absolute R band magnitude against 20 GHz radio 
luminosity for sources with redshifts z < 0.3. 



Studying the optical properties of the 20 GHz popula- 
tion provides insight into the accretion mechanism of these 
sources, complementing the radio data. We find that sources 
which are accreting efficiently have more powerful radio jets. 
However, the current spectroscopic dataset is subject to 
many selection effects and biases, and a complete sample 
is essential in investigating these correlations further. 



7 COMPARISON WITH S-CUBED 18 GHZ 
SELECTED SAMPLE 

As the AT20G survey is the largest, blind survey at 20 GHz, 
it provides an important legacy catalogue for studies of 
galaxy and AGN evolution in the SKA era. To test the cur- 
rent predictions of what will be observed with the SKA, 
we have compared the AT20G catalogue with the S-cubed 
semi-emperical simulation (S3-S EX); a simulation of radio 
continuum sources out to z = 20 (jWilman et al.ll2008l ). The 
resulting database contains flux measurements at 151 MHz, 
610 MHz, 1.4 GHz, 4.86 GHz and 18 GHz, down to the flux 
limit of lOnJy in an area of 20 x 20deg^. 

For comparison with the AT20G survey, we have se- 
lected sources from the S3-SEX database that have an 
18 GHz flux measurement above 100 mjy (the completeness 
limit of AT20G). Figure [23] shows the redshift distributions 
of the S3-SEX dataset and the AT20G survey, normalised 
due to the different sample sizes. The AT20G redshift sam- 
ple is roughly similar to the 18 GHz S3-SEX sample and 
K-S tests suggest they are drawn from the same population. 
However, the AT20G spectroscopic sample (shown be the 
dotted line) is very different to the S3-SEX distribution and 
suggests that we are missing a lot of high-redshift sources. 
This is unsuprising as most of the AT20G spectroscopic sam- 
ple were observed as part of the 6dF Galaxy Survey and is 
therefore biased towards sources at lower redshifts. 
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Figure 23. Redshift distributions (binned in log(l + z)) of the 
AT20G redshift sample (dashed line) and spectroscopic sample 
(dotted line) compared to the 18 GHz selected S3-SEX simulated 
dataset (solid line). Due to the large difference in the number of 
sources in each sample, the y-axis shows the fraction of sources 
that fall in each bin. 



To ensure that the 18 GHz selected S3-SEX sample is 
comparable to the AT20G survey we have also compared 
the radio properties of the two samples. Figure [24] shows the 
flux distribution of each sample and a K-S test carried out on 
these distributions indicate they are drawn from the same 
parent population. However, the spectral indices (from 5- 
20 GHz) of the S3-SEX selected sample are significantly dif- 
ferent from AT20G as shown in Figure E51 Sources selected 
at high radio frequencies are predominately flat-spectrum 
due to the dominance of the compact core. However, select- 
ing sources at 18 GHz from the S3-SEX database produces 
a catalogue entirely comprised of steep-spectrum sources. 

This is an artifact of the input models used to gener- 
ate properties of radio-lou d AGN in the semi-empirical sim- 
ulation. As described in iWilman et al.l (|2008 ) the dataset 
is drawn from a 151 MHz population and extrapolated to 
higher frequencies assuming a power law (a = —0.75) for 
the extended emission, while the core emission w as modelled 
based on the results of lJarvis &; Rawlingd (2000), who stud- 
ied a sample of flat-spectrum quasars selected at 2.7 GHz. 
The population of compact sources which dominate high- 
frequency surveys are hardly represented in a 151 MHz se- 
lected catalogue, therefore extrapolating sources from low 
frequencies will not correctly predict the source population 
at high frequencies. 

It was noted bv lWilman et al.l (|2008l ') that the S3-SEX 
models cannot simply be extrapolated to higher frequen- 
cies. They also noted that the simulation underestimates 
the number of flat-spectrum sources observed, leading to 
discrepancies between the simulated and observed spectral 
index distributions, even at lower frequencies. This discrep- 
ancy only gets compounded as we move to higher frequencies 
as the flat-spectrum sources become the dominant popula- 
tion. 

This highlights the need for large area, high-frequency 
data which is provided by the AT20G survey. Studying both 
the optical and radio properties of the high-frequency pop- 
ulation provides much needed information on the compact 



Figure 24. Normalised flux distributions of the AT20G survey 
(dashed line) and the 18 GHz selected S3-SEX dataset (solid line). 
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Figure 25. Spectral index distributions of the AT20G survey 
(dashed line) and the 18 GHz selected S3-SEX catalogue (solid 
line). 



cores of the AGN and is essential in understanding AGN and 
galaxy evolution. The AT20G catalogue provides a valuable 
database that can be used to update the S3-SEX models as 
well as any future SKA-related simulations. 



8 SUMMARY 

The primary goal of this paper is to present a catalogue 
of the optical identiflcations and redshifts for the Australia 
Telescope 20 GHz (AT20G) survey. The positional accuracy 
(~ 1 arcsec) of AT20G sources, and the dominance of nu- 
clear point sources meant that the majority of sources were 
identifled using an automated process. Optical identiflca- 
tions were made using the SuperCOSMOS Science Archive 
with 78.5% of AT20G sources (with |6| > 10°) having op- 
tical counterparts, much larger than is seen at l ower radio 
frequencies (typically 25-30%. iBock et aLl llOggY The op- 
tical identiflcation rate increases as a function of 20 GHz 



© 2011 RAS, MNRAS 000.ITH2T1 



20 Mahony et al. 



flux density, predominately due to the increase in 'stellar' 
optical IDs with increasing flux density. On the other hand, 
sources with 'galaxy' counterparts (as determined by Super- 
COSMOS based on the optical morphology) decreased with 
increasing flux density. Whilst the 'stellar' sources are the 
dominant population in the AT20G survey, we predict that 
if we were to probe deeper at 20 GHz the galaxy population 
would become dominant. 

Redshifts were fou nd from either the 6dF Galaxy Sur- 
vey I Jones et al.ll2009l ) or from the literature using NED. 
We also present 144 new redshifts that were obtained from 
poor-weather backup programs from a range of facilities. A 
total of 30.9% of the AT20G survey have redshift informa- 
tion. The redshift completeness is quite high for the bright 
AT20G sources (91.5% complete for sources brighter than 
IJy and 85.3% for sources above 500 mjy), but this drops 
off rapidly towards fainter sources. 

Objects that have an optical spectrum available (i.e. 
from either the 6dF survey or additional observations) 
formed the 'AT20G spectroscopic sample' and this sample 
is used to study the emission line properties of the sam- 
ple. This is achieved by dividing the sample into 'hot' or 
'cold' mode accretors, where sources with strong emission 
lines are classified as undergoing cold-mode accretion and 
sources with weak or no emission lines present were clas- 
sified as hot-mode. This naming convention arises from the 
fact that cold-mode sources primarily accrete cold gas, form- 
ing a radiatively efficient accretion disk which fits the con- 
ventional AGN unification models. On the other hand, hot- 
mode sources accrete hot gas which leads to an inefficient 
accretion disk and none of the observational criteria nor- 
mally associated with optical or X-ray selected AGN. 

It is found that cold-mode accreting sources have a 
steeper median radio spectral index, suggesting that the 
radio jets of these sources dominate the emission (rather 
than the cores), consistent with the idea that these sources 
are more efficient accretors. It is also found that the cold- 
mode accretors show different orientation effects; narrow 
emission line objects (Ae sources) have a larger fraction 
of steep-spectrum radio sources, while objects with broad 
emission lines (AeB sources) are dominated by ffat-spectrum 
sources as predicted by unification models (|Antonuccill 19931 : 
lUrrv fc Padovanil ll995l. On the other hand, the hot-mode 
accretors show no distinct orientation effects. 

Due to the high-frequency selection, the AT20G sam- 
ple is dominated by flat-spectrum sources, as are many of 
the subsamples. AT20G sources with optical IDs, the red- 
shift sample and the spectroscopic sample are all dominated 
by flat-spectrum sources, yet for the subset of sources that 
do not have an observed optical counterpart (blank flelds) 
the split into flat and steep spectrum sources is approxi- 
mately 50/50. This implies that many of these blank fields 
exhibit narrow emission lines (falling into the Ae spectral 
class) as this is the only population of sources dominated 
by steep-spectrum sources. Some of these blank fields also 
form a small sample (36 objects) of high-frequency ultra- 
steep spectrum (USS) sources, listed in Appendix [B] As the 
peak of the radio SED is thought to move down in frequency 
as the source ages, it is likely that these are the progenitors 
of the USS sources selected at lower frequencies. 

Studying the radio luminosity vs. absolute magnitude 
distribution reveals that, for a given radio luminosity, the 



cold-mode accretors are more likely to reside in smaller host 
galaxies whilst the hot-mode accreting sources generally live 
in more massive galaxies. Objects accreting in the cold-mode 
also have higher radio luminosities for the same absolute 
magnitude than their hot-mode counterparts, providing fur- 
ther evidence that the cold-mode accreting sources produce 
more luminous radio jets and lobes. 

Lastly, we compared the AT20G survey with the 
S-cubed semi-empirical simulations (S3-SEX). This was 
achieved by selecting sources from the S3-SEX database to 
be brighter than 100 mJy (the AT20G completeness limit) 
at 18 GHz. The fiux distributions of the S3-SEX and AT20G 
samples are in agreement with each other, but the spectral 
index distributions are remarkably different, implying that 
the models used to determine the S3-SEX core fluxes need 
refining. This comparison highlights the need for large sam- 
ples of high-frequency radio sources provided by the AT20G 
survey. 

We continue to compile spectroscopic information on 
AT20G sources with the aim of forming a complete sample to 
further study the properties of high-frequency radio sources 
and how this population evolves over cosmic time. 
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This paper has been typeset from a T^iJX/ I^T]eX file prepared 
by the author. 
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Figure Al. Spectra obtained through the Gemini poor weather program (program ID: GS-2009B-Q-95). The spectra have been smoothed 

using a boxcar algorithm ver 5 pixels, corresponding to ~ 7A. 
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Figure A2. Spectra obtained through the Gemini poor weather program (program ID: GS-2009B-Q-95). 
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Figure A3. Spectra obtained through the Gemini poor weather program (program ID: GS-2009B-Q-95). 
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Figure A4. Spectra obtained through the Gemini poor weather program (program ID: GS-2009B-Q-95). 
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Figure A5. Spectra obtained through the Gemini poor weather program (program ID: GS-2009B-Q-95). 
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Table B 1 . List of sources with an ultra-steep spectrum 
error on the spectral index is 0.06 JMassardi et al.ll2011 



1 



i^" < —1.2) and no optical counterpart as discussed in Scction l6.3l The typical 
, Redshifts were obtained from NED. 



AT20G name 



':w 



other name 



Redshift 



Reference 
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-1.53 
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McCarthy et al. (1996) 
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Burgess & Hunstead (2006) 


AT20GJ042056- 


-622338 


-1.25 


-0.97 


PKS 0420- 


-62 


0.81 (PHOT) 


Burgess & Hunstead (2006) 


AT20GJ044737- 


-220336 


-1.34 


-1.03 


PKS 0445- 


-22 


— 


— 


AT20GJ044832- 


-524108 


-1.29 


-0.93 


PKS 0447- 


-527 


— 


— 


AT20GJ054617- 


-172552 


-1.23 


-0.78 


PKS 0544- 


-17 


— 


— 


AT20GJ064848- 


-473426 


-1.35 


-0.86 


PKS 0647- 


-475 


1.94 (PHOT) 


Burgess & Hunstead (2006) 


AT20GJ072232- 


-370412 


-1.25 


-0.77 


PMN J0722- 


-3704 


— 


— 


AT20GJ084600- 


-261054 


-1.36 


-0.77 


PKS 0843- 


-260 


— 


— 


AT20GJ085300- 


-204721 


-1.47 


-1.05 


PKS 0850- 


-20 


1.337 


Best et al. (1999) 
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